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1. Introduction
This report, Part II of the serioaa, is devoted to

experimenta) studies of diffraction of electromagnetic waves by a
ciroular aperture and to an evaluation of certain theoretical de-
velopments. All available theoretical rssults are fundamentally in
the nature of approximations for the two extremes of the size of
the aperture (or obstacle) relative to the wavelength, the very
large and the very small. Prom the practical standpoint, however,
the intermediate range 1s of greater interest and, tharefore, thne
problem of closing the gap in th; theoretical work is a very sig-
pificant one. It is Aiffi_ull to assess mathemaiically ths range
over whiclhi a given approximation will give good results, particu-
larly in the application of the theory to the near-zone field
structure.® One of the objects of the experimental study is toc

determine the usefulness of various theories for the near-zone

field.
Our work was stimulated to a large degree by the

results of an experimental study of the diffraction of a plane
wave by a circular aperture in a large metal sheet which were
published by C.L. Andrews!l several years ago. Andrews msasured
the compcnent of electric ficsld intensity parallel to the sheet-
which we designate as the tangential component - in the near-zone

region up to and including the aperture itself. He observed large

“lb are concerned primarily with the near-zone field. The theoreti-

cal situation is far better with respect to integrated properties
such as transmission coefficients and aperture immedance. These
have been dealt with quite successfully by H. Levine and J.
Schwinger by variational techniques. See for example, Comnmunica-
tions on Pure and Applied Mathematics, 3, 355: (1950)
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fluctuations in rield irntensity across the aperture, the number of
maxima and minima being directly related to the ratio of the dlameter
to the wavelength., He noted that the distribution of maxima and
minime in the aperture and also along the axis normal to the aper-
ture was accurately accounted for by the well known Fresnel zcne
conoept used in optics and scaler 4Aiffraction problems. He alao
found that the scalar Kirchhoff theory gives a good semi-quantita-
tive representation of the field structure. This is somewhat
surprising for the range of aperture dimensions involved, the
largsst being of the order of six wavelengths.

In the present study the range of aperture dimensions
was sxtanded o 2R, A guestion had heen raised as tv the possi-
bility that the fluctuations in field intensity are the result of
multiple scattering oetween the antenna used to explore the field
and the metal sheet. We have examined this point quite carefully
and are convinced that mmltiple scattering is responsible only for
certain fine structure features of the pattern. In addition to
having extended ths range of the dgta on the tangential electrinal
field we have also obtained roau1t§ for the other field componer %s.
The most important of these are the tangential magnetic field com-
ponents which play an important part in an exact formulztion of the
theory and wshich are especially pertinent to the ﬁigh frejuensy
approximation which we prresented in Part I.

The discussion and sxperimental results which are
given in the following sections deal with the case of a linearly
polarized plane wave incident normally on a plane sheet. The

diffracting edge, whether that of an apertures in an extended metal




sheet or of the complementary disc, is & circle. The essential
geometrical elements used in our discussion are shown in Fig. 1,
which 1llustrates the situation of a circular aperture S, in an

otherwise infinite eonducting surface Sy. For the purposes of

theory the condusting sheet 8, is teken to have infinite conductiv-

ity and gzero thiockness.

The numerical evaluation of theoretical expressions

for the near-zone field and measurements in this region are generally

very leborious. The results obtained so far cover only the dis-

tributions along the axis and in the principal E- and H-planes. The

laiter are respectively the plane containing the incident electric
vector &nd the one orthogbnil vo iv.

A detalled discussion of experimental technique
and sources of experimental error will be given in Part III. For

the present, however, we should note that we made measurements béth

on a complete space system and on a half-space system. The half-

space system makes use of the symmetry properties of the field with Do

respect to the plane perpendicular to the electric vector of the
incident wave. This symmetry plane can be replaced by an infinite
perfectly conducting sheet without affecting the field in the half

- <

spaces on either side. The ideal half-space situation is approximat- | |

ed by using a large ground plane with suitezble absorbing walls at
the edges to elimirate reflections. The half-space technique has
the advantage that the ma jor portion of the measurement apparatus

i3 tben below the ground plane out of the way of the field,




2. Smmll Apertures, Diameter D< X; small hole theory.

Figures 2, 3 and 4 show some of the measured dis-
tridbutions of the tangential eleciris field for apertures of 4&i-
aseter D = 0,5, and D = 1,00, In both cases the axial distribution
deoreases monotonicelly from the aperture. This is readily under-
stocd in terms of the Fresnel zone concept. For any point on the
axis the aperture subtends less than one Fresnel zone, that is,
the contribution from any one element of the aperture is never
180° ocut of phase with that of§ahy oiement and we do not have the
possibility of strong destructive interference with the resulting
minixum in the distribution as in the case of largesr apsriurss.

It 1s interesting to compare the measurements with
g small hole theory. The case of an aperture whose dimensions are
very small compared with the wavelength has been treated extensively
to various degrees of approximation. The most satisfactory work 1s
that of Bou'klmph’iho developed the correct first order expressions

for a circular aperture which are valid both in the near-zone and

far-zone region. Fce the case of the incident electric vector as

shown in Fig. 1, Bouwkamp's results take the following form:

2kau % -1, 1
E, = ~jkz ¢ JT‘{I v ¥ 3(u? + v?)
. g - x? 1
Sa'(lﬂl')'(u'*v’)} (12)
- Jékxyu E = -J4akyv
B ® Sralutovh) (1eve)? * T Enuteve) (Tev?) (1b)

where u, v are oblate spheroidal ccodinates related to the cartesian

*We are indebted to Dr. Bouwkamp for having made his work available
to us prior to its publication.
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ecordinates by

xwal(l-u ’)(lo-v’)']:} cos ¢ (2a)
'g = a [ (1=u?) (1ev?) 1¥ sin ¢ . (2b)
$ = auv (20)

Withofusgl, < ve®, 0S¢ s 2x, & is the radius of the
aperture and k -.@. '

Ths above expressions ars corract up to terms of
relative order (ln)' and, therefores, may be expected to give good

results for aperturea of sise such that

ka < 1 or ac % - )
The two cases to which our figures apply, a = ﬁ and a = g—, are
outside this range. However, it is observed that the small hole
theory 1s still of semiquantitative value for these cases. The
small hole theory riedicts a larger value of intensity in the
aperture itself than that which 1s observed but it does run close
to the measured axial distribution outwards from a small distance
beyond the aperture. Figurs 3 shows the distribution in a plane
parallel to ¢the aperture for the a = % case. Only H-plane experi-
mental data are shown. The E-plane data do not differ substan-
tially. It will be noted that the small hole theory is inapplic-
able insofar as establishing the absolute level is concerned. But,
as Pig. 3b shows, the theory serves well for the relative distribu-
tion. Similar results were found for the larger aperture (a =
0.5\). When the radius exceeded 0.5\ no particularly meaningful
connection between the small hole theory and the e xperimental

results could be observed. The small hole theory necessarily

-5-
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loses significance when the aperture contains more than one
Presnel gone.
Tangential Field Components in the Aperture; D2 )

When the diameter of the aperture 1s greater than
one wavelerngth, the near-szone field pattern 1is marked by fluctua-
tions in the magnitudes of the field vectors. The pattern of the
tangentisal components in the aperture Itself 1s of partiscular
interest to us in connection with the development of an adequate
theoretical solution. It was pointed out by Andrews that for the

tangentiel eisciriz J1eld ks interference pattern is most marked

in tha aperture itself. Sizilar observations were made by
Severin who also measured the electric field in the near zone.
Our data, shown in Pigs. 5 - 9 inclusive, are in good agreement
with those of Andrews and Severin and confirm the previously
observed complexity of the fleld structure.

It 1is observed that the H-plane pattern shows more
variation in structure than the E-plane pattern. Up to an
apsrture diameter of 16\ there appears to be a systematic relation-
ship between the number of maxims and minima and the size of the
aperture. When the aperture diameter D = nA, n being an integer,
the number of mexima in the H-plane pattern 1s equal tc n. When

n is even, the pattern has a minimum at the center of the aperture;
when n is 0dd, the pattern has a maximum at the center. This

type of relationship can be visualiged in terms of & standing

wave in the aperture associated with the boundary condition that

vanishes. The dbehavior of the field at the center can also de

at the edge the component of E which is tangential to the edge i
rﬁfn

-—




oorrelated with the number of Fresnel sones subtended by the
aperture, in a limited sense, at the center.

The prooiccnolq of the relationship stated above
By be questioned on the basis of Pig. 7 which shows the H-plane
pattern for the case of D = 36\, The latter differs froa the
smaller apertures not only with respect to the number of maxima
and minima, but also in the detailed form of the pattern. In
the smaller apertures the maxima and minima are relatively uni-

form in sise whereas in the large aperture there is considerable -

variation in sisze of a form suggestive of modulation by ancther
4istribution function of longer space periodisity. A trend to-
ward this latter structure is observapie imn tius patisrn of the

16\ aperture. Unfortunatsly we do not have data for cases imter-
mediate between 16\ and 36A. It will be worthwhile to make

further studies to £1ill in the gap. The change in structure is
perhaps connected with the phase error in the incident field which
developes with increased aperture size. In our experimental work
the primary source is a horu placed sufficiently far from the
aperture plane so that the latter is in its far gzone field. The
aperture is, therefore, being illuminated by & spherical wave.
With the distance from the horn to the aperture plans being held
fixed, the deviation from constant phase increases with the increas-
ing aperture size. In addition, the amplitude distribution shanges
because of the primary pattern of the horn; the incident field
,amplitude becomes increasingly tapered as the aperture becomes
larger. Both factors profoundly modify the pattern from that
which would be produced by an ideal plane wave. The effect of

-7=
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amplitude taper was investigated by Btornllo in a studéy of the
near-zone field of paraboloidal refleotors. It should also be
noted that the large apertures are only nominally un integral
number of wavelengths in diameter.

The distridution of EB,,, in the aperture is, of
eourse, dependent on oconditions all around the edge, not merely
at any two special points. The behavior of tae field at the
edge hd&a deen the subject of maoch discussion ovsr the past few
yoears. !bu'kilps called attention to the role of singularities
in diffraction theory and cn the basis of the Sommerfeld solu-
$e2n9 fom tha half-nlane. vostulated certain edge oconditions for
the general aperture case. These edge conditions were developed
in greater detall by loixn.ré and others. If we let Ej and B;'
be the somponents of E,  which are respectively tangential and
normal to the edge of the apertare, the edge conditions are that

B3 =0 (3a)
and that the singularity of E;: is at best
B3 X 3 (3b)

where r 1s the distance along ' from the edge of the aperture.
These conditions assume that th& screen 1s infinitely conducting
and is of zero thickness. The first, (3a), is the logical ex~-
tension of the condition that the tangenti. . nmponent of E

must vanish over the screan. The second condition is a statement

that the energy density at the edge 1s integrable.,
The boundary condition (3a) showa up nicely in the

-8-



experimentsl H-plane patterns., It is observed in each case of
Pig. 6, with the exception of that of D = 6\, and in Pig. 7,
that the intensity drops sharply at the edge of the apertures.
With respect to bouadary condition (3b), on the other hand, the j
results are completely non-definitive. Singularities, if there
are any, should he =cst evident in the E-plane pattern. A care-
ful examination of the field toc detect a sharp rise unear the edge
gave negative results. There are several factors which limit the
reliability of the data: The sheet has a finite thickness; this

fastor was reduced by filing the aperture ooundary to a sharp
sdge. The resolution that can be obriained in a fleld measurement
is 1limited by the finite extenv ui ths proha: there 1is a practi-
cal limit to which the probe and the supporting structure can be
reduced. Then there i1a the interaction bstween the probe and the
screen 'h;oh become3a particularly significant at points where the
field intensity is high. Bescause of the latter two factors, the
BE-plane pattern, in general, is more subject to experimental error
than the H-plane pattern. By use of the half-space technigue the
errors are reduced to a considerable extent in the H-plane patterm.
In the case of the E-plane measurements, however, there are further
difficulties with the half-space technique generated by interaction
between the probe and its image.

The field structure shown in Fig. 7 is at variance
wish the ideas generally entertained about large apertures. The

srgumsnt. is frequently set forth that, on physical grounds, one

‘should expect the fleld in the aperture to approach the unperturbd-

ed incident field with increasing aperture size, the diffraction




—

affects becoming limited ic small regious in the neighborhood
of the edge. This view is alsc suggested by the urgument that
vhen the radius of the aperture is large, the diffraction pro-
blem for any small section of the edge is locally the same as
that of diffraction of a plane wave by a straight edge. It is
apparent, however, that “he height of the central maximum in

Pig. 7 is not appreciadbly different from that observed in the
smaller apertures. If we think of the edge as forming a dis-

tridbution of sources of diffracticn wavelets, then with the
circular geometry, these wavelets are all in phase at center.

Hence, although each component wavelet amplitude may be small,

‘—-—-—\_ — —..

ge and ia essentially independent of the
aperture radius. The phase of the resultant with respect to
the incident plane wave is a function of the radius and con-
sequently there occurs & maximum or minimum at the center ac-

cording to the dimensions of the aperture. Further work oxn

different aperture geometry will aid in understanding what does
take place,

The behavior of H in the aperture is radically

tan
different from that of By,,. The rigorous formulation of the
diffraction problem and the application of the fundamental bound-
ary conditions in the aperture directly establishes that H,,,

in the aperture is the same as that of the unperturbed plane wave,
Tn the case of normal incidence H,, 6 should, therefore, be constant
over the aperture. This property shows up beautifully in the
experimental H,,, B patterns shown in Fig. 10. In the D = 1\ case

the apparent deviation from ths theoretical result i1s again the

- f—“"’" e e g_;.- )
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cause of limited resolving power and iateraction betwsen the
probe and the soreen. The probe used for these measurements
was a uiot antenna flush mounted in the ground plene. It is
seen that at the edge of the aperture H,,, drops sharply to
virtually zero. This behavior of H,,, forms the experimental
basis for the high-frequancy development given in Part T.

. Complementary Obstacle - Tangential Components
It 1s interesting to compare the diffraction

field of an aperture with that of the complementary obstacle.
Fig.'ll shows typical field patterns of E,,, and H,,, in the H-
plane for the complementary ovsiaclies ol
the behavior of B  outside the disc boundary is very much llke
that of the diffraction fleld of a straight esdge given by the
Sommerfeld theory. The amplitude of oscillation diminishes with
increasing distance from the edge and the £isld approaches the
unperturbed field value. The field structure can also be inter-
preted from the point of view that the diffraction effects arise
from secondary wavelets generated at the edge of the disc.

H, ,, oxhibits the constant valus over the Apon ares
predicted by the rigorous theory. It is observed that the field
amplitude drops sharply at the edge of the disc and is virtually
gero over the shadow region., This means that the perturbation
currents are confined to the neighborhood of the boundary anad
that over the illuminated side of the disc ihka current distribu-
tion 1s essentially that which would exist over the corresponding

area in reflection of the plane wave from an infinite screen. It

1]~
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will be noted that thers is a peak in the K ,, distribution at
the center of the disc on the shadow side. This will recall the
iamiliar bright spot observed on tke axis in the diffraction
pattern of a oircular object in the optical region., The Fresnel
zone interpretation of the effect is well-known,

One of the important theoretical results concerning
diffraction by apertures and complementary sheet obstacles is the
elactromagnetic Babine* principle which was formulated by Bookors.
The princirle is &s follows: Suppose that we have a field i PR
ﬁ1. incident on an aperture and that i, y éi is the diffraction
field in the region z >0; then, if in the case of a comﬁlenentary

obstacle we have an incident field

By = -(—';—)+ i’a.
€

-H'ib '—'(T) By, (h)

ard i&, ﬁg is the corresponding diffraction field, the two dif-
fraction fislds satisfy the relation

i, +(-:i)* -fl,z-é“ (5a)
I S
- (7) R=k, (5b)

The principle 1s a result of the exact theory and as such provides

a way to check the rellability of the experimental technique. Mig.

12 shows the resultis of measurements of complementary fields along

& 11ne'parallel to the aperture plane. Since the field components

-]12~
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ars n-rmalized to the incident field values, the result of the
superposition acoording to Eq. (5a) should be unity. It is seen
that the sum lies close to unity over the entire range of the
measurement. The deviations are within the estimated errors of

the measurements. The best mean line through the sum data shows

a dowmnward trend across the line of measurement. This may repre-
sent the tapered illumination corresponding to the primary pattern
of the horn but it is questionable whether the data are sufficiently
reliable to reproduce the incident field so exactly.

5. Axial Distribution - Apertures, D2 A

The axial distributions of R‘.. and H .n for a se-

t
quence of aperture sizes are shown in Fig. 13, It 12 nbserved

that in ‘each case H,,, approaches unity as z- 0, in agreement with
the boundary condition on K ,, stated previously. Both §, and

H

ten

show the fluctuations in amplitude that are characteristic
of the near-zone field. The two components are hot in phase, how-
ever, as in a plane wave. This is indicated by the difference

in the location of the maxima and minima. The two componeiits
approach one another with increasing distance from the aperture
and finally do, of course, become related as in a plane wave

when ths far zorne is reached. As was pointed out by Andrews,

the location of the maxima and minima of the E, ., distribution
are accounted for quite accurately by simple Fresnel zone consid-
erations, particularly for the smaller apertures. The deviations
from the Fresnel zone values increase with increasing aperture

size. According to the Fresnel zone aralysis there should be

a minimum at z = O when the aperture diameter is an even number

-13-
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of vavelengths. The field dves in fact exhibit this property up
to the aperture diameter of 6A. However, it is seen in Fig. 13
that i{n the case of the 10\ aperture the minimum occurs somewhat
beyond the aperture. It was thought that it could be due to the
aperture not being precisely 10\ in diameter. The dats shown

in Fig. 13 were taken at X-band. Further measurements were made
at K-band and the frequency was varied through the 10\ value for
the apéituro under study. The X-band data are in excellent agree-
ment with those shown in Fig. 13. It was verified that the mini-
mum is displaced from the center in the 10\ case. Our feeling
now is that the effect is due to phase errurs in the incident field.

6. Theoretical Gonsideraticas - Hizh Preauannv Anordximations

K1l high frequency approximations, that is, for the
case D >> )\, start from assumptions as to the boundary conditions
over the aperture and the screen. They are not asymptotic devel-
opments of an—exnct theoretical solution. The two well known
approximate solutions are the Kirchhoff theory for scalar waves
and the modificatiorn of the scalar form by Kottler and others
to fit the electromagnetic field equations. A discussion of
these wlll be found in Baker and Copson's bookz; a more recent

development of Kottler's theory has tsen given by Strattonll.

The experimental basis for the theories 1s the fact
that as the aperture increases in size the diffraction rfield drops
off rapidly as we pass into the shadow region. The tangential
components of both E and H are, therefore, taken toc be zero over

the screen. The condition 1s, of course, rigorous insofar as E

w1y



is oconcerned. It is further argued that when the aperture is large,
tne rioid in the aperture is very closely the same as the unperturb-
ed field and the unperturbed field values are, therefore, taken as
the bourdary values of both i and E over the apsrture area. As we
have sesen, this is a rlgorous condition for H,,, in the aperture.
For either of the Kirchhoff theories it 1s necessary to make as-

and H

sumptions about both E over the boundary plane z = 0.

ten ten

This is one of the major objections tc the theories, namely, that
the boundary conditions are over-prescribed, for in addition toc the
assigned values over z = 0 the field is required to satisfy radia-
tion conditions at infinity. Either E alone over the

or H

ten ten

plane z = U, itogsthsr with the radiation conditions, suffices to
define the electromagnetic field problem. It turns out that the
assumed boundary condltions on E,, are not consistent with those
assumed for H,qpe

The Kirchhoff theory gives identical field patterns
for the electric and magnetic vectors. When the field expressions
are extrapolated to the boundary surface z = 0 neither the assumed
E..p distribution nor H,,, distribution is obtained. Both field
componerts have an osciliatory structure in the aperture such as
is exhibited by the experimental E,,.. The theory also gives non-
zero fleld values over the screen, values which do fall off rapid-
ly from the edge. Neg]pcting the latter, we may state that the
Kirchhoff theory gives fairly good results for the near-zone fileld
etructure of E, . ,, but 1s seriously in error in its solution for
H

ten’

The experimental results shown in Fig. 10 constitute

-15-
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the basis for the high-frequency development given by us in Part I
of this series. The assigned value of H  _ over the aperture is
exact but, as in the Kirchhoff theory, we neglect the contribution
of H, 6 , over the screen, However, boundary values are assigned

only to H and we have a clearly defined electromagnetic problem.

ten
Our procedure for solving the boundary value problem disguises the

contributions of the electric charge distribution along the aperture
boundary which must be associated with the discontinucus H __ dis-
tribution. However, the contribution is contained within the solu-
tion snd the latter satisfies Maxwell's equations. As the solution

te Adeveloped, we are assured that 1t agsumes the assigned values

o

f H, A over the plans z = 0, It does generate E over the

tsn
screen within a small region abcut the edge and in this respect
is in error just as the Kirchhoff theories.

The various solutions require considerable numerical
work in order to.obhtain the complete near-zone field, The calcu-
lations are in progress and results will be published as they be-
come available., At the present time we ha~e several axial dis-
tributions and Pigs. 1l - 17 show comparisons between the Kirchhoff
theory and the H,,,6 approximation and experimental results. For
reference the expressions for the axial distributions obtained from

the several theoriea ars given below. In these expressions:

B,, B, = amplitudes of the vectors in the incident plane wave
a = radius of the aperture

r,=_Ja'+ 2"
The stbsoripts x, 7 refer to the directions of the vectors in terms

of the axes shown in Fig. 1.
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(a) Kirchhoff scalar theory:

.!Ls - _EL = Q".‘ - [1 ¢—’—-}C-’." . (6)
E, H, £ rs

(b) Vietor Kirchhoff theory:

B ol Bioemire -L[l "’_]‘.”"
)
1

E, H, v
1 (/8 * 1 1 ot LE XY
My r,) Jury)® (7)
(o) H‘.“ approximation®:
R PSP L LN Bt LiL | (Qa)
H, g

E, _ o-its gdra 3 fa \*[ 1 J"Jl!‘x

—3{- 2 (r,) [ Jkry (8b)

It is seen in Pigs. 14 - 16 that the Kirchunoff scalar solution
glves essentially the same result as the H,, , approximation for
the distribution of E,,,. The positions of the maxims and minima
are almosi ilsatical. However, the Kirchhoff solution gives higher
maxima and deeper minima. Tha solutions given by the two thecries

approach one another more closely as % increases. Fig. 16 1s on

®c. J. Bouwkamp called our attention to t he fact that the
solutions given in Part I can be put into this form for
the axial distribdbution,

}..T_:...M
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an expanded scale to show the difference between them. As is
seen iz Pigs. 1} and 15 the H,,, approximation gives the
correct bohavior'ot-tho Hyea distridbution in the nsighborhood
of the aperture, but as tho distance from the aperture increases
the agreement between theory and experiment is only qualitative.
Prom physical considerations we would expect the
E,.. 8PProximation to become more satisfactory as g.lncro‘|Ol.
The dissagreement RJetween theory and experiment manifested by the
data shown in Pig. 17 ias, therefore, quite surprising. However,
on consideration of the geometry of the experimental setup it
is found that for the case of Fig. 17 the incident magnetic field
is not constant in phase over the aperture but has a phase error
distribution with a maximum error c? ﬁ from uniform phase. The
tapering of the illumination alaso becomes effective. Previous
experience with phase er.cors and tapered illuminetion has been
that the amplitudes of the variations are reduced by those factors
and that the positions of the maxima and minima are displaced in
the direction presented by the experimental data. When the cal-
culationa are completed the results of the modified solution tak-
ing phase error into account will be putlished.
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